We have constructed a fluid cell for an atomic force microscope that operates in tapping mode using either an oscillating piezo or magnetic drive. This fluid cell allows direct comparison of the image quality using the two drive mechanisms over identical areas of a sample without fluid or cantilever exchange. We found that the magnetically driven cantilever's tuning curve was very similar to the thermal noise power spectrum, allowing an accurate determination of the cantilever resonance frequency. This is in contrast to the piezo driven tuning curve, which contained a number of peaks that appeared to be a convolution of the true cantilever resonance with the complicated acoustic spectrum of the fluid cell. We imaged two biologically relevant samples: DNA molecules and liquid phase phospholipid bilayers. For both samples, we found that the image quality, as measured by feature height, lateral resolution, and image stability, was independent of the drive method. This suggests that, despite the apparent differences in the frequency response, the physical motion of the cantilever tip, when it is driven near its resonance frequency, is the same for both driving mechanisms.
INTRODUCTION
Tapping mode atomic force microscopy ͑AFM͒ 1 has proven to be a powerful technique for imaging soft biological samples with the AFM. [2] [3] [4] Although the details are not well understood, the oscillatory motion of the cantilever seems to reduce the lateral forces between the tip and sample compared to contact mode imaging. 5 In fluid environments, small oscillation amplitude tapping mode images can have 1 nm lateral resolution [6] [7] [8] [9] or less. 10 An additional benefit of tapping mode compared to contact mode is improved immunity to dc drift. In contact mode, low frequency drift in the lever manifests itself as an apparent deflection of the cantilever, whereas in tapping mode this effect leaves the measured amplitude unchanged. 11 Currently, tapping mode is commonly used to image the topography of soft biological samples 12, 13 and for observing dynamic processes. [14] [15] [16] Recently, there has been a great deal of interest regarding controlling the mechanical properties of the cantilever using magnetic fields. This is especially appropriate in the liquids where other techniques, such as those based on electrostatic interactions, are significantly screened. Magnetic interactions have been used to dynamically control the cantilever deflection. [17] [18] [19] [20] In some cases, this has stabilized operation of the AFM near the snap-down point. 21 It has also been shown that it is possible to use magnetic forces to modulate the tip-sample force, yielding information about the viscoelastic properties of the sample. 22 Magnetically actuated cantilevers have also been used to plot force curves. 23 Recently, magnetic forces have been used by Han et al. to drive a cantilever in a magnetic version of tapping mode. 24 The results of Han et al. suggest that a magnetically driven cantilever improved resolution and reduced sample damage in contrast to a piezo driven cantilever.
One goal of this work is to more accurately compare piezo and magnetically driven tapping mode images of biologically relevant samples. AFM imaging of soft biological samples is challenging, subject to the subtleties of AFM techniques, and further complicated by interactions with highly nonlinear biological systems. Tip contamination and small differences in sample preparation are only two of a myriad of other parameters that might affect the conclusions of a comparison study between two techniques. To eliminate as many of these variables as possible, we designed a fluid cell where both piezo driven and magnetically driven tapping mode could be compared sequentially over the same region of the sample. The cantilever was driven with both techniques, without any exchange of fluid or sample repositioning. This allowed us to successively image the same region of the sample ͑neglecting the Ͻ1 m lateral drift presumably due to thermal effects͒. To toggle between the piezo and the magnetic drive imaging modes, we simply flipped a switch. Details of the fluid cell design and construction are given below.
We chose two biological samples to focus on, DNA molecules and liquid phase phospholipid bilayers. DNA has been imaged successfully in liquid with AFM techniques in the past, and therefore is a useful reference sample for other researchers in the field. [25] [26] [27] [28] [29] Phospholipid bilayers were chosen because of their usefulness as a cell membrane model system and because they are difficult to image with high resolution. The molecular organization of lipid films ͑ob-tained by the Langmuir-Blodgett technique or vesicle deposition onto a surface͒ have been widely studied. AFM is a useful tool because of its ability to image some of these films with molecular resolution under liquid. [30] [31] [32] [33] [34] The phospholipid we have used ͑bovine brain phosphatidylserine or PS͒ is a natural component of the cell membranes. The bilayer that forms with this phospholipid is in a liquid crystal phase at room temperature, which creates a challenging sample to image with an AFM. We have deposited PS molecules from vesicles onto mica, and obtained patches and sheets of bilayers. Molecular resolution on this particular type of bilayer has eluded us during initial acoustic tapping mode imaging. One initial explanation for the lack of molecular resolution in our experiments was that conventional piezo driven tapping mode resulted in a low level, but significant sonication of the sample, which in turn reduced the stability of the lipid film. Another possibility was that sharp asperities on the tip that might act as high resolution tips were being crushed by the piezo driven motion. 35 If either of these conjectures were true, it would be appealing to use a magnetically driven cantilever in place of the piezo drive.
EXPERIMENTAL SETUP
To prepare the DNA imaging sample, 100 l of DNA 36 solution was deposited onto freshly cleaved pieces of muscovite mica. 37 The phospholipid sample was prepared using L␣ Phosphatidylserine extracted from bovine brain in chloroform solution. 38 Molecules were suspended after evaporation of the chloroform in an aqueous buffer 39 to a concentration of 0.9 mM. The freeze-thaw technique was then used to reorganize the bangasomes ͑large multilamellar vesicles͒ into unilamellar vesicles. Suspensions were extruded through cellulose filters in order to get calibrated vesicles of 100 nm in diameter. Phospholipid concentrations were then measured by a phosphate assay. 40 Suspensions were kept under argon at 4°C for 2-3 weeks. To deposit the vesicles, squares of freshly cleaved muscovite mica were cut into supports that were roughly 1 cm 2 . The supports were glued with epoxy 41 onto a circular plastic support slightly smaller in diameter than the mica itself, to avoid leaks during incubation. Volumes ranging from 80 to 100 l of the vesicle suspension were deposited onto the support and incubated for 45-90 min. Samples were then rinsed with the buffer and imaged in liquid.
We used a modified commercial AFM in this work. Figure 1 shows the details of the fluid cell used in this work. It was designed to image with either piezo driven or magnetically driven tapping mode cantilevers. Details of the piezo drive technique have been published. 43, 5 We will not elaborate on the piezo drive except to note that we varied the position of the piezo ceramic in the fluid cell and that the success of the imaging seemed to be independent of the location.
In the following, we will analyze the magnetic drive of a cantilever. The difference between the magnetic moment of the cantilever being aligned with or perpendicular to the drive field was first pointed out by Cleveland et al., 1997. 18 To sensitize the cantilever to the magnetic drive, it was coated with a thin magnetic film ͑see details below͒. The magnetic drive field was provided by a simple coil ͑made of 100 turns of No. 28 laminated copper wire͒ positioned centrally around the cantilever and wound around the cantilever holder. The cantilever was positioned along the symmetry axis of the drive coil, approximately one radius ͑ϳ1 cm͒ away from the center. At this position, the coil created a primarily vertical ͑parallel to the z axis͒ magnetic field given by
where H z is the vertical component of the field, 0 is the permeability of free space, R is the radius of the coil, N is the number of turns, I is the current flowing through the coil, and z is the distance away from the center of the coil along the symmetry axis. At the drive currents we were able to use ͑the maximum was roughly 1 A͒, the resulting magnetic field is at most a few milliTeslas. If the magnetization of the cantilever coating is aligned along the z axis, and we neglect the x and y components of the magnetic field, the coil exerts a force F z ϭm‫ץ‬H z /‫ץ‬z 44 on the cantilever. In this expression, F z is the force along the z axis, m is the magnetic moment, and ‫ץ‬H z /‫ץ‬z is the derivative of the field from the drive coil. Substituting Eq. ͑1͒ into the force expression yields
The second term represents the field at the cantilever location zϷR. Since the magnetization of the coating is aligned parallel to the applied field, we will refer to this situation as ''parallel drive.'' This is denoted by the ''para'' in the superscript of the force variable. If the magnetization of the cantilever coating is parallel to the axis of the cantilever, and thus perpendicular to the applied magnetic field, the force on the end of the cantilever can instead be described by F z ϭq m H z , 45 and q m is the magnetic charge on the end of the cantilever. Assuming the cantilever is a magnetized, uniform bar, the magnetic charge is related to the total magnetic moment of the cantilever by q m ϭm/l, where l is the length of the cantilever. In this case, the force acting on the end of the cantilever becomes
Since the magnetization of the cantilever is aligned perpen-
A schematic representation of the new fluid cell, designed to oscillate the cantilever using a piezo ceramic or a magnetic field. ͑a͒ shows the front view and ͑b͒ the top view. Specific parts are labeled. ͑1͒ tapping piezo embedded in the fluid cell material; ͑2͒ electromagnet; ͑3͒ biasing permanent magnets; ͑4͒ cantilever holder; ͑5͒ laser beam; ͑6͒ piezo tube scanner. A switch was also added ͑not shown on the illustration͒ on the front edge of the fluid cell, so that the two modes could be used alternatively for imaging the sample without withdrawing the tip. A reliable comparison of the modes was then possible.
dicular to the applied magnetic field, we designate this force with the superscript ''perp''.
The relative magnitudes of the perpendicular and parallel drive forces are given by
The length of the cantilevers we used was 225 m, and the diameter of the coil was 1 cm. The ratio of forces in Eq. ͑4͒ is then roughly 30, clearly indicating that a perpendicular drive is desirable. Although it is possible to wind and position smaller coils, it is much easier to find shorter cantilevers. Given the recent moves towards even smaller cantilevers, we expect this trend to continue. 46 It is often difficult to align the magnetization of a magnetic film in a particular direction. Even if the film is initially magnetized along a particular axis, when the magnetizing field is removed, some of the magnetization will invariably relax away from the desired axis. We found it easier to obtain an acceptable drive force when we positioned two permanent magnets 47 on both sides of the cantilever chip. They provided a dc biasing field that helped insure that the magnetization of the cantilever was aligned along the axis of the cantilever, insuring the cantilever magnetization was perpendicular to the oscillating drive field. We found that the inclusion of the biasing magnets increased the observed cantilever amplitude by an average factor of 2-3 and sometimes as much as 10. Practically, the biasing magnets translated into less drive current required by the coil to excite cantilever oscillations. We found this to be an important improvement since current leads to Joule heating losses that may warm the fluid cell and sample.
A simple switch in the control electronics allowed us to toggle between piezo driven and magnetically driven tapping mode. When comparing images made in these two drive modes, one should keep in mind the only different experimentally controlled parameter was the cantilever drive mechanism. All the important drive parameters such as setpoint, feedback gain, and scan size were at most only slightly adjusted during the scan.
The following types of cantilevers were tested: 225 m long etched silicon probes ͑FESP probes 48 ͒ magnetron sputter coated with Co 80 Cr 20 alloy. We found that cantilever resolution was strongly dependent on the details of the magnetic coating process. When the tip side of the lever was coated as for commercially available magnetic force microscope tips, 49 the end radius of the tip was made larger, and the spatial resolution was correspondingly reduced. We also tried electron beam deposited tips [50] [51] [52] grown on normal 225 m magnetic cantilevers. 46 Finally, FESP probes sputter coated with Co 80 Cr 20 on the back of the lever gave the best resolution, at some small ͑ϳ10%͒ cost in sensitivity to the magnetic drive. Presumably, coating the cantilever on the backside reduced magnetic contaminants on the tip. All the results shown below were taken with backside coated cantilever. Another interesting note is that despite being immersed in fluid containing a variety of solutes, we observed no noticeable corrosion effects with any of the coatings even during imaging sessions lasting up to 8 h. For sensitive biological applications, there is a concern that soluble rare earth and transition metal ions used in the magnetic coating of the cantilever might affect the structure and/or function of a sample. Corrosion might also affect the sensitivity of the cantilever to the magnetic drive.
One advantage of a magnetically driven cantilever versus a piezo driven lever is shown in Fig. 2. 35 Figure 2 shows the cantilever oscillation amplitude as a function of the drive frequency using the two driving methods. The piezo driven response displayed in Fig. 2͑a͒ shows a number of peaks; the largest of which are near the true cantilever resonance of roughly 29.8 kHz. This sort of piezo spectrum results from a convolution of the cantilever resonant modes with the acoustic modes of the fluid cell.
53 Figure 2͑b͒ shows the same frequency sweep result using the magnetic drive coil. The shape of the curve is much closer to that of an ideal harmonic oscillator than for the piezo driven response. The solid curve in Fig. 2͑b͒ shows the results of a simple harmonic oscillator fit yielding a resonant frequency of 29.8 kHz and a Q factor of 6.2. These values compare well to the thermally measured resonant response of the cantilever as shown in Fig. 3 .
One concern with constructing a magnetically driven fluid cell is that one may simply be constructing a loudspeaker; that instead of only exciting the cantilever, the magnetic drive may be acoustically driving the fluid cell. If this were the case, presumably the AFM imaging would be more or less equivalent to driving the acoustic modes with a con- The circles in ͑b͒ show the magnetically driven cantilever response and the solid curve shows a fit to a simple harmonic oscillator. Both drives were adjusted so the cantilever amplitude at 29.3 kHz ͑the measured resonant frequency͒ was 10 nm rms. The piezo driven cantilever response does not have an obvious peak, while the magnetically driven response curve shows a close approximation to a simple harmonic oscillator model. The simple harmonic oscillator fit in ͑b͒ yielded a resonant frequency 0 /2 ϭ29.8 kHz, and a quality factor Qϭ6. 2. ventional piezo drive. Comparing Figs. 2͑a͒ and 2͑b͒ provides strong evidence that the coupling of the cantilever in our fluid cell is fundamentally different for the two different drive modes. Frequency sweeps made on earlier prototypes of our fluid cell were not immune to acoustic coupling, showing multiple peaks in the tuning curve with either the piezo or magnetic drive. The microscope described in Ref. 19 showed evidence of similar acoustic coupling perturbing the cantilever tunes ͓in particular, see Fig. 1͑b͒ and the discussion in Ref. 19͔ . We discovered that it was necessary to construct the drive coils and the biasing magnets as rigidly as possible to eliminate this effect. To accomplish this, both the coils and biasing magnets were potted in epoxy, 54 resulting in a rigid structure that was relatively immune to acoustic excitations at the frequencies we were using to excite the cantilevers. We also tested the acoustic coupling of the magnetic drive to the fluid cell by performing cantilever tunes on nonmagnetic cantilevers. These cantilevers showed piezo driven responses similar to that of Fig. 2͑a͒ while the response using the magnetic drive was within the background noise of our instrument; i.e., there was no measurable response.
In previous discussions of the differences between a piezo and magnetically driven cantilever, Lindsay et al. have suggested that a piezo driven cantilever needs to operate at larger amplitudes than a magnetically driven cantilever for stable imaging. 35 One possible suggested origin for this difference was that acoustic vibrations excite other mechanical parts of the microscope causing a change in the optical path length that could result in apparent changes in cantilever amplitude or deflection. This resulted in a threshold amplitude below which a piezo driven lever was not able to image. Lindsay et al. did not observe any threshold for their magnetically driven cantilever. The existence of such a difference implies nonlinearities in the mechanism coupling mechanical energy into the cantilever or a higher noise background. As our results imaging DNA and the phospholipid bilayers show, we have seen no significant difference for small amplitude imaging using either technique. To further explore possible nonlinearities and changes in the background noise of a piezo driven cantilever, we measured the noise power spectrum for both the piezo and magnetic drive. Figure 3͑a͒ shows the thermal noise with a drive amplitude of zero. The thermal peak is visible above the ϳ1.5 ϫ10 Ϫ4 nm/ͱHz noise floor of our instrument. The peak thermal amplitude is ϳ2.5ϫ10
Ϫ4 nm/ͱHz. The solid black curve shows a fit to a damped, driven harmonic oscillator solution yielding a spring constant of 3.1 N/m and a resonant frequency of 29.3 kHz. The peak thermal noise agrees very well with the expected thermal noise of the cantilever. 55 Figure  3͑b͒ shows the result of applying a drive to the cantilever. A narrow peak pops up out of the thermal background centered at the drive frequency and its harmonics ͓labeled with arrows in Figure 3͑b͔͒ . At this drive amplitude, the harmonics are visible up until the fourth which is below the noise floor. The data plotted as points in Fig. 3͑b͒ represents the absolute value of the difference between the piezo driven and the magnetic driven spectrums. Any differences between the two techniques are uniformly below the electronics noise floor, even at the drive frequency and its harmonics. That these nonlinear terms are the same for both drive modes suggests they are associated with the inherent nonlinearity of the split photodiode detector and electronics our microscope used to measure the cantilever position, 56, 57 and not with the motion of the cantilever. The data for the magnetic and piezo drive both show no significant differences in the background; the thermal peak and the electronics noise floor remain unchanged. Note that these spectra are different from those usually obtained with a tapping mode AFM. Normally, the drive frequency is swept and the cantilever response measured. Here, the cantilever is being driven at a fixed frequency of 29.3 kHz while the power spectrum from dc to 140 kHz is measured. Figure 4 shows DNA molecules imaged under buffer. Figures 4͑a͒ and 4͑b͒ were obtained with the piezo driven tapping mode. Figures 4͑aЈ͒ and 4͑bЈ͒ were obtained with the magnetically driven tapping mode. The signal to noise ratio of the images are comparable. We made measurements of the height and the width of the molecules with both driving mechanisms ͑Table I͒ and found no significant difference in the results. Ϫ4 nm/ͱHz. The solid black line in this figure shows the fitted damped, driven harmonic oscillator solution. This fitting yielded a resonant frequency 0 /2 ϭ29.3 kHz, and a quality factor of 3.1. The resonant frequency agreed well with the magnetically driven fitting shown in Fig. 2 , while the quality factor differed by a factor of 2. ͑b͒ shows the noise power spectra of the cantilever being driven with the piezo and magnetic drives. The resulting spectra agree so well with each other, they are indistinguishable on this figure. To quantify difference between them, the absolute value of the difference between the two curves is plotted as the dots. This difference is always less than the electronic noise floor of our instrument. In both cases, the drive resulted in a narrow, well-defined amplitude spike growing out of the background noise centered at the drive frequency. While there was evidence of nonlinear terms ͓2 f and 3 f spikes are visible in the spectra of ͑b͔͒, these nonlinear terms are the same for both the piezo and magnetic drive modes. If nonlinear couplings diverting energy into other oscillation modes or changed the background noise, the result was the same for both piezo and magnetic drives. At the small amplitudes used in this work, there was no difference between piezo driven and magnetically driven tapping mode.
RESULTS
We imaged phosphatidylcholine bilayers with the two modes during the same experiment. The data in Fig. 5 resulted from an experimental run where we imaged the same area of the sample for nearly 1 h, continuously switching between one mode to the other without withdrawing the tip. Figures 5͑a͒ and 5͑c͒ were obtained by magnetic tapping mode; Figure 5͑b͒ was obtained by piezo tapping mode. The boxed in area shows a uniquely shaped defect in the bilayer which gradually changes appearance over time. This is a common observation. ''Movies'' of changes in position of lipid sheets defects or lipid patches at the interface between a mica surface and the buffer can easily be recorded. These movements were observed with the two driving techniques. The general appearance of the lipid films on mica could also remain static over a long period of time ͑more than 8 h͒ without changes in the shape of the defects in the layers or of patches on the surface. The height of the bilayers were measured by piezo tapping mode and magnetic tapping mode ͑Table I͒. These values are the equivalent, and in agreement with the 4 nm expected value of the height of phosphatidylserine bilayers. 58 We were not able to get molecular resolution on the of bilayers with either technique.
DISCUSSION
The images and measurements we are presenting here show that the utilization of a magnetic field or a piezo ceramic to drive the tip when imaging DNA molecules or phospholipids bilayers in tapping mode provided essentially indistinguishable results. The resolution and observed perturbation on these samples was the same.
In addition to potential contamination of sensitive biological samples with reactive magnetic metal ions, there are concerns regarding using a magnetically driven cantilever, some of which we have already mentioned. One major problem is the heat energy released by resistive heating in the electromagnet. Temperature changes from this heat are undesirable when imaging sensitive biological samples. We found that it was sometimes necessary to limit the drive current over some samples. Thus, even though it may often be desirable to use small oscillation amplitudes, there are some circumstances where this is not the case. One example is hydrogel materials, which are very adhesive, even under liquid. With our current apparatus, we found it difficult to magnetically excite oscillations with an amplitude more than 10 nm in liquid. Heat also induced lateral drift during the scan, problematic for observing dynamic processes over the same area of a sample. In agreement with Ref. 33 , we found that mechanical oscillations of the coil could induce spurious peaks in the frequency curve. The cantilever oscillations in this case are presumably similar to conventional tapping mode, where instead of exciting acoustic modes with a piezo element, acoustic modes were excited by the magnetic drive.
In an early prototype of the fluid cell described in this work, we used a permeable core similar to that used by in Ref. 19 . FIG. 4 . DNA molecules imaged under buffer. The sample was a step ladder ͑50-3147 bp͒ at a concentration of 0.4 ng/ml. ͑a͒ and ͑b͒ were images taken using piezo driven tapping mode. ͑aЈ͒ and ͑bЈ͒ were taken using our magnetically driven tapping mode. The tip was a Si probe, with the cantilever back ͑225 m in length͒ coated with Co alloy ͑500 Å in thickness͒. It was magnetized before the experiment. The peak to peak oscillation amplitude before engaging was 5 nm and the scan speed was 1 Hz for all images. Scan size is 3 m for images ͑a͒ and ͑aЈ͒, and 1.5 m for ͑b͒ and ͑bЈ͒. For ͑a͒ and ͑b͒, the drive frequency was 23.4 kHz and the setpoint was 7 nm. For ͑aЈ͒ and ͑bЈ͒, the drive frequency was 24.8 kHz and the setpoint was 7 nm. The z range was 10 nm for all images. Results of the molecule dimensional measurements are given in Table I . We found that we could not eliminate the spurious peaks that we believed were associated with magnetically driven acoustic modes and thus dropped the use of the core. The final version of the fluid cell, using an air core magnet and rigid construction, was much more immune to spurious acoustic peaks.
The DNA images obtained with the two techniques were comparable in resolution. The shape and configuration of the molecules were equivalent and the signal to noise ratio were similar. There was no observable displacement of the DNA molecules in either case.
The height of DNA from x-ray measurements predicts a value of 2-2.5 nm. Relatively gentle conditions should be used in tapping mode to make these measurements ͑low spring constant cantilevers, low oscillation amplitude before engaging, and as high a setpoint as possible͒. Han et al., when using magnetic tapping mode with their special levers, did not report the height of their DNA measurements. FIG. 5 . Phosphatidylserine bilayers on mica. 80 l of lipid vesicles solution 0.9 mM were incubated for 40 min on a mica support. The sample was then rinsed with buffer and directly imaged with the AFM. ͑a͒ and ͑c͒ were obtained with the magnetic drive mode, and ͑b͒ was obtained with the piezo drive mode. These images were obtained sequentially, without withdrawing the tip while switching from one mode to the other. The scan size is 6 m, and the Z range is 15 nm. The dashed square outlines a characteristic feature ͑''defect'' in the bilayer͒, visible during the whole experiment. The 225 m long Si cantilever was coated with 625 Å of CoCr on the back. It was magnetized parallel to the cantilever axis before the experiment. The parameters for the three images are a drive frequency of 28 kHz, oscillation amplitude before engaging of 6 nm, scanning setpoint 5 nm, and a scan speed of 1 Hz. The height of the bilayer was measured to be 4.6Ϯ0.56, 4.52Ϯ0.43, and 4.71Ϯ0.65 nm for ͑a͒, ͑b͒, and ͑c͒, respectively. ͑aЈ͒, ͑bЈ͒, and ͑cЈ͒ show sections made along the dark, diagonal line in the associated images.
The heights of the phospholipid bilayers were equal to each other when measured with the two techniques. Phosphatidylserine is in liquid phase at room temperature, meaning that part of the molecules ͑the acyl chains͒ are moving in the bilayer, and the AFM tip is probably disturbing the relatively weaker interactions that maintain the molecules position to each other. Molecular resolution on lipid bilayers has been obtained only on frozen samples or gel-phase phospholipids. 59, 60 During all our experiments, the layers were sufficiently stable to allow imaging at room temperature for over 10 h in both drive modes and without changes in the measured bilayer height. There was no qualitative difference in the evolution of the patch shape on the surface using the two techniques. The quantitative analysis we made, based on image processing of the trace and retrace images, also showed no difference between the drive modes.
Finally, the noise spectra of a cantilever driven using the two methods showed no measurable difference. Recent work has shown that careful measurement of the cantilever phase and amplitude allows the power dissipated by the sample to be quantified. 21 Preliminary results studying energy dissipation in a fluid environment also support the conclusion that a magnetically and a piezo driven tapping mode cantilever deposits the same amount of power into the sample.
CONCLUSION
We have imaged phospholipids bilayers and DNA molecules with an AFM using piezo and magnetically driven tapping mode. The fluid cell we constructed allowed us to image the same area of a sample with the same tip and identical operating parameters during a single experiment with the two techniques. While the magnetically driven cantilever allowed easier identification of the cantilever resonant frequency, it suffered from a number of significant drawbacks. These included increased cost and complexity associated with coating a cantilever with magnetic material, the spectre of magnetic metal ions contaminating the biological sample and heating of the fluid cell and sample region by the magnetic coil. The results from the two biological samples we studied in this work showed no difference in resolution or sample perturbation between the two techniques.
